Objectives. Lower socioeconomic status (SES) is associated with increased risk of tuberculosis (TB) and diagnostic delays, but the extent to which this association reflects an underlying gradient in advanced status of pulmonary TB is unknown . We conducted a multilevel retrospective cohort analysis examining the relationship between socioeconomic characteristics and pulmonary TB disease status, as measured via sputum smears and chest radiography results .
Although tuberculosis (TB) incidence continues to decline in the United States, the proportion of advanced pulmonary TB, defined as smear-positive or cavitary disease, has been increasing. 1, 2 Advanced clinical presentation may result from delayed diagnosis and treatment and may lead to greater infectivity and likelihood of transmission within a community. 3, 4 Lower socioeconomic status (SES) has been linked to more severe disease status for a variety of diseases including cystic fibrosis, 5 sarcoidosis, 6 subclinical coronary heart disease, 7 cancers, 8, 9 and pulmonary fibrosis. 10 While the presence of other comorbidities, poor access to care, substance abuse, low income, education level, and lack of insurance [11] [12] [13] [14] [15] [16] constitute risk factors for delays in TB diagnosis, little work has been done to characterize the association between SES and advanced pulmonary TB disease, as more advanced disease is often seen as characteristic of diagnostic delay. Furthermore, much of the work examining diagnostic delay has been examined outside the U.S. Areas in which people live are likely to have differential access to care, including proximity, cost, and presence of public clinics and transportation. 17, 18 Disease status is likely to be impacted by such variations in area-level factors and, in particular, by variations in area-level SES across neighborhoods.
Using TB case registry data on incident TB patients combined with chart reviews, we explored the relationship between individual patient demographic and SES attributes, in combination with area-level social characteristics, and two TB severity outcomes at diagnosis-lung cavitation and smear-positive acidfast bacilli (AFB) in sputum smears. These measures have been linked to impaired pulmonary function, TB treatment failure, or death 19, 20 and represent later disease stages. 21, 22 Specifically, this study was designed to assess whether severity of pulmonary TB disease was positively associated with area-based socioeconomic disadvantage within King County, Washington. By examining socioeconomic and demographic characteristics of block groups, our hope was to identify those factors that might play an important role in predicting disease severity at diagnosis. Such findings could provide insight into pathways by which area-level SES independently affects pulmonary disease severity.
METHODS

Study population and setting
A total of 862 incident pulmonary TB patients were reported in King County from January 1, 2000, to December 31, 2008 . Criteria for diagnosis of pulmonary TB patients met either Centers for Disease Control and Prevention (CDC) laboratory criteria for a sputum culture positive diagnosis or the clinical case definition, which includes either an abnormal chest radiograph or other signs and symptoms compatible with TB. 23 Individuals had either exclusively pulmonary disease or pulmonary involvement. Due to considerations regarding age of research consent, all models excluded minors (18 years of age). Included patients represented 380 block groups within King County. A census block group was defined as a cluster of census blocks having the same first digit of their four-digit identifying numbers within a census tract. 24 Block groups have previously been validated as an informative spatial scale at which to report socioeconomic data.
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Study design
The analysis used a retrospective cohort design, merging reporting and chart data for TB patients and U.S. block-group-level census data for residents of King County.
Data sources
Measurement of socioeconomic position. A socioeconomic position (SEP) index was constructed combining data on six singular SES measures: percentage of the population who were working class, were unemployed, were living in poverty, had less than a high school education, and owned expensive homes, as well as median household income. To construct the score, we gave each variable a standardized z-score, which was the sum of all block-group values with SEP data (n51,576), minus the mean sum, divided by the standard deviation, and then summed the individual z-scores. Variables included for each block group were taken from the 2000 U.S. Census Summary Tape File-3 and were consistent with a previously validated composite measure used in the Public Health Disparities Geocoding Project. The Geocoding Project developed this measure based on a factor analysis of 11 individual SES factors using rank values of the Census data. 25 The SEP index was modeled as a four-level categorical variable, using quartiles in the block-group distribution as cutoffs, with the highest quartiles representing the wealthiest block groups.
Measurement of disease severity. We chose two available characteristics of advanced pulmonary TB at diagnosis from 2000-2008: grade of sputum smear and chest radiographic abnormalities. Sputum smears were quantified using fluorochrome stains and categorized using sputum smear grades in an ordinal fashion as negative (no AFB seen), 11 (rare), 21 (few), 31 ( moderate), and 41 (numerous), depending on AFB load. Smears were also dichotomized as positive or negative. Standard posterior-anterior chest radiographs were categorized ordinally as normal, abnormal non-cavitary, or cavitary in the patient medical chart by the Public Health-Seattle & King County TB Control Program medical director, with patients with normal radiographs serving as the referent category. Radiographs were also separately categorized as to whether there was unilateral or bilateral pulmonary involvement. Both radiography and smear results were obtained from the Tuberculosis Information Management System (TIMS) 26 and supplemented with available data from patient medical charts with quantitative smear grade. Smear grade was obtained for the 76% of patients with complete medical records.
Anthropometric and psychosocial individual measures.
The following individual measures from the National Tuberculosis Surveillance System 23 were used: race, sex, age, ethnicity, foreign birth, homelessness, human immunodeficiency virus (HIV) status, and provider type. In addition, an experienced nurse measured height and weight to compute body mass index (BMI). Participants reported on standardized clinic forms whether or not they were in paid employment at diagnosis, as well as their occupation, insurance, smoking status, and alcohol intake history. Patient-level variables were subsequently aggregated by block group.
Other area-level measures. We derived area-based covariates from the U.S. Population Census 2000, SF1 and SF3.
27, 28 We modeled the proportion of each block group that was black, Asian, Hispanic, and foreignborn using quartiles of each population in each block group, with the quartile directly below serving as the referent group.
Statistical analysis and modeling
We excluded observations from univariate analyses when the percentage unknown or missing was 2%. We examined unadjusted proportions of individuals in each SEP index quartile and stratified them by both quantitative smear grade and radiography results, with percentages adding up to 100 across SEP index quartiles. We also examined the relationship between TB sputum smear grade and radiology results using Pearson's Chi-square test.
To examine area-level influences in addition to individual attributes as they relate to variation in severity of disease, we used multilevel logistic regression models. 29 These classes of models allowed for analysis of the ordered outcomes and accommodated the hierarchical data structure.
After building multilevel models of significant fixed effects, other parameters were added, allowing for baseline variation in disease severity across block groups. For ordinal models, the forms used were similar, but used an ordered logit model allowing for three responses for radiography outcomes (normal, abnormal non-cavitary, and abnormal cavitary) and five responses for smear grade (negative, 11, 21, 31, and 41).
For each outcome, we tested four nested models. Model 1 tested area-based socioeconomic quartiles and the association with dependent variables. Model 2 included individual demographic factors (meancentered age modeled continuously and as a quadratic term, race modeled using dummy variables, sex modeled as a binary term, and foreign birth as a binary term) as covariates. Individual-level SES factors were additionally included (homelessness as a binary term and provider type as a dummy variable) in Model 3. Area-level factors (ethnicity, foreign birth, and race) were added in Model 4 to assess the contextual effects of Asian and black race, Hispanic ethnicity, and foreign birth while controlling for individual confounders and area-level SEP. We used complete case analysis such that the number of patients with missing covariates excluded from each model was the same. We performed multilevel model building and estimation using the Generalized Linear Latent and Mixed Models extension of Stata ® version 10.0. Table 1 portrays overall and analysis-specific patient population characteristics. A total of 862 TB patients were included in the initial analysis, with 65% being male and a median age at diagnosis of 44 years. TB patients were primarily Asian (40%), black (24%), or white (26%). More than 70% of the patient population was foreign-born. TB risk factors included homelessness (20%), unemployment prior to diagnosis (36%), HIV infection (9% of known results), and smoking (28% of known results). Patients were included in subsequent analyses if a sputum specimen (n5806) and/or chest radiograph result (n5849) was available. A total of 616 patients were included in a subgroup for quantitative smear-grade analysis, excluding patients for whom smear grades were unknown (n5246). The flow chart shows the patient inclusion process for each severity measure ( Figure 1 ). 
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RESULTS
Description of TB patients
Block-group characteristics
The 380 block groups included in the analysis were more likely to contain individuals reporting black or Asian descent as well as Hispanic ethnicity compared with median values in King County. Additionally, the median proportion of foreign-born individuals in these block groups was more than 1.5 times as high as the King County median (Table 2) .
Disease severity findings
Of those with known results, 96% (814/849) of patients displayed abnormal radiography findings, with approximately one-third (33%) exhibiting extensive bilateral lung involvement. For the quantitative smear-grade outcome analysis, 39% (239/616) of graded patients had positive smears, of whom 57% had grades of moderate (31) or numerous (41) AFB. Higher grades of smear and cavitary radiographs were positively correlated, where greater proportions of cavitary x-rays were observed with progressively higher smear grade (p0.001). Bilateral lung disease was significantly associated with both higher sputum smear grade (p0.001) and cavitary disease (p0.001) (data not shown).
Eighty-one percent of TB patients resided in block groups in the lowest two SEP index quartiles. In unadjusted analyses, patients living in areas with higher levels of deprivation did not have statistically higher probabilities of severe radiographs or higher smear grade (Figures 2 and 3) . Table 3 , Model 1). In addition, in individual-level multivariate models (Table 3 , Models 2 and 3), inclusion of demographic and SES covariates did not significantly alter the association between SEP index quartile and disease severity, although foreign birth decreased and white race increased the odds for more severe presentation. Inclusion of individual insurance status and behavioral risk factors (i.e., drug and alcohol use, smoking, and BMI) on smaller available samples did not change the observed association (data not shown). In multivariate analyses restricted to non-HIV-infected individuals, no significant changes were observed in SEP effect estimates on severity.
Comparison of coefficients from Models 3 and 4 did not show substantial change in the SEP-TB association when other area-level influences were added (Table 3 , Model 4). There was modest change in the strength of the effect, but direction and magnitude of the associations were consistent across the two models. Of four area-level variables examined at the block-group level in addition to SEP index, none remained statistically significant in the multilevel model (Table 3 , Model 4). Area-level variables explained little between-block group variance, such that only 9% of variance in severity was attributable to the block group.
Sputum smear models.
As with the radiograph findings, lower SES quartiles were not associated with higher smear grade with any of the models run. In models examining binary positive/negative smear outcomes, a positive smear was not significantly associated with SEP quartile, and this lack of a relationship remained after controlling for demographic, individual SES, and areabased demographic factors. Homelessness was linked to higher odds of positive sputum smears but did not change the observed SEP-smear estimates. The relative contribution of each of the individual-level main effects was similar in both sputum smear models, suggesting that area-level factors did not diminish the effect of individual-level influences. None of the between-block group variance in the probability of having a positive smear result was accounted for by block-group SEP. However, when individual-level age, race, sex, and origin were added in Model 2, the variance increased fivefold, indicating that heterogeneity in disease severity across block groups was partially accounted for by underlying demographic characteristics. 
DISCUSSION
The results of this research, indicating that residing in areas with high levels of poverty is not significantly associated with more severe pulmonary disease at diagnosis, are noteworthy and not consistent with previous studies examining other diseases. 9, 31 These findings remained after attempting to control for important individual-level risk factors and area-level measures and were consistent across three measures of severity.
Previous studies of SES and delayed TB diagnoses found that low income and poverty constitute risk factors for delays. [12] [13] [14] 32 Low education level has previously been described as a risk factor for delays, 15 as have large family size, 33 unemployment, 34 and lack of health insurance. 18 However, no studies have previously documented the direct association between area-based SES and TB disease severity in a multilevel model, perhaps because severity is often seen as representative of diagnostic delays, with longer time to diagnosis thought to lead to increased infectiousness as patients progress to higher bacillary load on sputum smears and cavitary disease. 3, 35 Previous reports have hypothesized that individuals living in poorer SES areas present with later-stage disease because of decreased access to medical care and screening awareness. 10 ,36 Yet, possible explanatory pathways for these effects are complex. A previous study found that lack of employment and knowledge about where to obtain care were closely associated with clinically significant delay, raising concerns about the equity of access to care among TB patients. 34 More equitable access to care may occur when the need for care or severity of illness predicts utilization better than potential access barriers (e.g., appointment waiting time). 37 If access to care were distributed evenly, we would expect that TB patients with more severe illness would be more likely to promptly seek medical care. But others note that perceived access barriers appeared to explain more of the delay than did illness severity, suggesting that subgroups of the TB population were facing inequitable barriers to care. 34 As such, we might expect that more severe disease would be impacted by area-level access factors influencing delays.
However, while "where you live" may play an important role in disease incidence and transmission, it may be a less important factor in defining the risk of presenting with more severe disease. This finding may be because individual SES factors are often thought to be more closely linked to access or usage of health care, including longer wait times and fewer referrals. [38] [39] [40] Effects of individual SES may be more pronounced, such that more comprehensive health insurance, greater health knowledge, and motivation to seek care play important roles in predicting severity. Indeed, greater proportions of uninsured and unemployed people were observed in lower SEP quartile block groups in our study, and these variables were significantly associated with more severe radiography results. These data are consistent with observed correlations between unmet medical need and lower income and lack of insurance in King County. 40 In unadjusted analyses, the association found between more severe disease and various SES surrogates has precedence in the literature. Substance abusers are more likely to have sputum smear-positive TB disease and cavitary disease. 41, 42 Homelessness is associated with smear-positive TB disease and cavitary disease, 43 and smoking is associated with cavitary lesions. 44 After two months, sputum smear microscopic examination is more often positive in diabetic patients, but we did not examine diabetes comorbidity in our study population. 45 The effect of HIV on TB severity is of particular concern. HIV infection may alter the radiographic appearance of pulmonary TB due to altered immunity. 46 HIV infection also promotes rapid progression to active TB disease, 47 though its effect on infectiousness remains disputed. 48 Indeed, our results demonstrated that HIV-infected individuals were more likely to have abnormal non-cavitary disease. However, in multivariate analyses restricted to non-infected individuals, no significant changes were observed in SES effect estimates on severity, likely due to small numbers of HIV-positive people in the analysis.
A recent publication found that increases in proportions of advanced (smear-positive or cavitary disease) pulmonary TB were greatest among groups with lower rates of TB, including white, U.S.-born, employed, HIV non-infected, and non-homeless people. 1 It was hypothesized that greater increases in the proportion of advanced disease among lower-risk groups were due to a lower index of suspicion for TB disease among patients and providers, leading to delays in accessing treatment and diagnosing disease. Our study results demonstrate the importance of examining not only these individual risk factors, but also area-level risk factors for disease.
Strengths and limitations
This study had several strengths, including the careful assessment of block-group boundaries, validation of the geocode with the county, incorporation of multilevel models, and inclusion of area-based socioeconomic measures to examine SES at both the individual and area level. Because no relationship was observed when either smear grade or presence or absence of a positive smear result was analyzed, lower block-group SEP did not seem more important in distinguishing bacterial load in the lungs any more than it did presence or absence. This study was also subject to several limitations. One limitation was the scope of area-and individual-level variables studied. There are likely many area-based variables that could have potentially confounded observed associations between area-based SES and disease severity, as well as relevant measures of individual SES that were unavailable to us. The latter precluded our ability to assess relative impact of area and individual SES in the prediction of TB severity. While the geographic availability and accessibility of health-care services, which may result in differential diagnostic delay, were not included, given King County's predominantly urban composition, geography was less likely to have been a strong confounding factor. Additionally, these results may not be generalizable to other regions, given that we adjusted only for certain relevant patient-and area-level demographic factors. And because residence was only measured at TB diagnosis, we also do not know whether residence at previous times could have been relevant to the development of disease. Furthermore, unmeasured variations among block-group risk factor norms (e.g., average alcohol intake) could be residually responsible for community contextual effects, but because controlling for individual-level risk factors did not attenuate the block-group SEP effect on disease severity, it seems unlikely that these factors would have an impact on the neighborhood-level SES-severity association.
CONCLUSIONS
In this study, area-level social resources were not associated with pulmonary TB disease severity at diagnosis. These findings are important because they suggest that factors other than area-level SES may predict severity. At-risk groups should be targeted for TB interventions regardless of area-level SES, with an emphasis on examining those characteristics related to access to and utilization of TB services. This study raises other actionable next steps including understanding what factors are tied in to disease severity, both individually and at the community level, whether the SES-severity association is further modified by other factors such as race, and the potential impact of SES on delays leading to more severe diagnoses.
